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Meningococcal outer membrane vesicles (OMVs) have been extensively investigated and successfully implemented as vaccines.
They contain pathogen-associated molecular patterns, including lipopolysaccharide (LPS), capable of triggering innate immu-
nity. However, Neisseria meningitidis contains an extremely potent hexa-acylated LPS, leading to adverse effects when its OMVs
are applied as vaccines. To create safe OMYV vaccines, detergent treatment is generally used to reduce the LPS content. While ef-

fective, this method also leads to loss of protective antigens such as lipoproteins. Alternatively, genetic modification of LPS can
reduce its toxicity. In the present study, we have compared the effects of standard OMYV isolation methods using detergent or
EDTA with those of genetic modifications of LPS to yield a penta-acylated lipid A (IpxL1 and pagL) on the in vitro induction of
innate immune responses. The use of detergent decreased both Toll-like receptor 4 (TLR4) and TLR2 activation by OMVs, while
the LPS modifications reduced only TLR4 activation. Mutational removal of PorB or lipoprotein factor H binding protein
(fHbp), two proteins known to trigger TLR2 signaling, had no effect, indicating that multiple TLR2 ligands are removed by de-
tergent treatment. Detergent-treated OMVs and IpxL1 OMVs showed similar reductions of cytokine profiles in the human
monocytic cell line MM6 and human dendritic cells (DCs). OMVs with the alternative penta-acylated LPS structure obtained
after Pagl-mediated deacylation showed reduced induction of proinflammatory cytokines interleukin-6 (IL-6) and IL-1(3 but
not of IP-10, a typical TRIF-dependent chemokine. Taken together, these data show that lipid A modification can be used to ob-
tain OMVs with reduced activation of innate immunity, similar to what is found after detergent treatment.

G ram-negative bacteria have the ability to naturally shed vesi-
cles from the outer membrane. These spontaneous outer
membrane vesicles (sSOMVs) are composed of lipids, outer mem-
brane proteins, lipopolysaccharide (LPS), and some periplasmic
proteins. Shedding of sOMVs occurs without significant disrup-
tion in the integrity of the cell, and release of vesicles is increased
by bacterial stress responses (1, 2). Some of the proposed func-
tions of shedding of outer membrane blebs include protection and
transport of secreted molecules, interaction with host cells, eva-
sion of immunity by action as a decoy for antibodies and other
antibacterial molecules, and action as nucleators in biofilm for-
mation (3).

The fact that OMVs are nonreplicating structures that contain
many crucial surface components and virulence factors, in com-
bination with pathogen-associated molecular patterns (PAMPs)
that trigger innate immune responses, makes them attractive as
candidate vaccines. This is evidenced by the successful control of
meningococcal serogroup B epidemics using OMV vaccines (4-6)
and experimental studies that have explored the vaccine potential
of OMVs against other bacterial pathogens (7, 8). The isolation of
OMVs from Neisseria meningitidis typically involves treatment
with deoxycholate detergent to increase the yield and to reduce the
amount of LPS. LPS, also known as endotoxin, is a very potent
PAMP that, when bound to the pattern recognition receptor
(PRR) Toll-like receptor 4 (TLR4), induces activation of innate
immune responses and the release of inflammatory cytokines.
TLR4 is the only TLR capable of activating both the MyD88 and
TRIF downstream signaling pathways. In general, the MyD88
pathway is linked to the production of proinflammatory cytokines
while the TRIF pathway induces release of type I interferons. Ex-
cessive release of inflammatory mediators can cause massive in-
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flammation in a host, but some release of cytokines is needed for
triggering an adaptive immune response. N. meningitidis contains
the very potent hexa-acylated LPS structure, and sepsis is a com-
mon manifestation of meningococcal disease. Therefore, if not
removed or reduced by detergent treatment, the LPS present in
isolated OMVs can cause serious adverse effects. The downside of
detergent treatment is the removal of potential protective antigens
from the outer membrane, such as the more loosely attached sur-
face-exposed lipoprotein factor H binding protein (fHbp) (9, 10),
and a reduction of the long-term stability of the OMV vaccine
(11).

Genetic modification provides many possibilities to increase
the yield and properties of OMVs. Previous studies have shown
that a higher yield of OMVs from N. meningitidis can be achieved
by deletion of the rmpM gene (12).The RmpM protein links the
outer membrane to the peptidoglycan layer, and its absence loos-
ens the outer membrane, leading to increased OMYV release. In
addition, the toxicity of OMVs can be reduced by deletion of genes
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FIG 1 N. meningitidis lipid A architecture and structure modification by
LpxL1 and PagL. N. meningitidis lipid A consists of a bisphosphorylated glu-
cosamine disaccharide with hexa-acyl chains. Deletion of the [pxL1 gene pre-
vents the addition of the secondary lauroyl chain at the 2" position. Expression
of PagL removes the 3-hydroxydodecanoic acid moiety at the 3 position. Both
modifications result in a penta-acylated lipid A structure.

encoding the LpxL1 (Fig. 1) or LpxL2 enzyme of the lipid A bio-
synthesis pathway, resulting in a penta-acylated rather than a
hexa-acylated lipid A structure (13). A penta-acylated LPS can also
be formed by expression of the Bordetella bronchiseptica pagL
gene, encoding a lipid A 3-O-deacylase, in N. meningitidis (14, 15)
(Fig. 1). These penta-acylated lipid A forms show reduced endo-
toxic activity compared to that of hexa-acylated LPS (16). The
combination of rmpM deletion and genetic LPS modification thus
enables the isolation of high yields of so-called native OMVs
(nOMVs) with reduced endotoxicity without the need for deoxy-
cholate treatment. For application as a vaccine, it is imperative to
determine the effects of the differences in composition of deter-
gent-treated OMVs (dOMVs) versus nOMVs on the induced in-
nate immune response, as this can determine both the reactoge-
nicity as well as the magnitude and quality of the induced immune
response. In the present study, we compared the dOMVs and
nOMVs for their ability to stimulate TLR4 and TLR2 responses, to
induce the release of cytokines, and to activate dendritic cells
(DCs).

MATERIALS AND METHODS

Ethics statement. This study was conducted according to the principles of
good clinical practice. Blood donors provided written informed consent

TABLE 1 Bacterial strains used in this study
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for the collection of samples and subsequent analysis. Processing of the
blood samples occurred anonymously.

Bacterial strains. All N. meningitidis strains used are nonencapsulated
variants of the serogroup B H44/76 strain (17) and have a truncated galE
LPS, except for the IgtB pagl mutant strain, which has a truncated IgtB
LPS. JB and RL strains contain one wild-type and two recombinant PorA
subtypes (trivalent PorA; subtypes P1.7,16, P1.5-1,2-2, and P1.19,15) with
a nonfunctional porB gene (18). JB and RL strains contain mutations in
the rmpM gene, and RL strains have an additional mutation in the [pxLI
gene, as previously described (12). The IgtB pagL strain was constructed by
introducing a pEN11 plasmid carrying the Bordetella pertussis pagL gene
behind an IPTG (isopropyl-p-p-thiogalactopyranoside)-inducible lac
promoter (15) into an H44/76 strain with insertionally inactivated siaD
and IgtB genes. Strain H44/76, lacking factor H binding protein (fHbp),
was created by replacing a deleted section of the fHbp gene with a kana-
mycin cassette using the primers fHbp-U-Fw (5'-TCTAGACCAGCCAC
GGCGCATAC-3'), fHbp-U-Rv (5'-GGATCCGACGGCATTTTGTTTA
CAGG-3'), fHbp-D-Fw (5'-GGATCCCGCCAAGCAATAACCATTG-3'),
and fHbp-D-Rv (5'-CTCGAGCAGCGTATCGAACCATGC-3'). The
spontaneous PorB-deficient mutant derived from H44/76 has been de-
scribed by Tommassen et al. (19) (Table 1).

Isolation of OMVs. Bacterial strains were grown in tryptic soy broth
(Becton Dickinson) with shaking (140 rpm) at 37°C. Three types of OMVss
were isolated during the stationary phase (>8 h). The dOMYV purification
process involved deoxycholate (DOC) extraction of the bacterial outer
membrane in the presence of EDTA, as described previously (12, 20). The
sOMVs were obtained from collected bacterial culture supernatant (20
min, 3,000 X g, 4°C) by filtration through a 0.2-pum sterile filter, followed
by concentration by ultrafiltration using a 100-kDa-cutoft filter (Centri-
con 70-Plus Ultracell; Millipore, Billerica, MA, USA. nOMYV release was
stimulated by incubating the bacteria in 100 mM Tris-HCI-10 mM EDTA
(pH 8.6) for 30 min with gentle shaking, followed by passage of the col-
lected supernatant through a 0.2-pm filter, as described by Zollinger et al.
(21). All types of OMV (dOMVs, sOMVs, and nOMVs) were pelleted by
ultracentrifugation (60 min, 125,000 X g, 4°C). The final OMV pellets
were homogenized in 10 mM Tris-HCl-3% sucrose buffer and stored
at 4°C.

Cell culture. Mono-mac-6 (MM6) cells (seeded at 1 X 10° cells per
well) and HEK-blue TLR4 and TLR2 cells (InvivoGen) (seeded at 3 X 10*
per well) were grown in 96-well plates in 200 pl Iscove modified Dulbecco
medium (IMDM) (Gibco BRL) and Dulbecco modified Eagle medium
(DMEM) (Gibco BRL), respectively, supplemented with 100 units ml~"
penicillin, 100 wg ml~! streptomycin, 300 pg ml ™' L-glutamine (Gibco
BRL), and 10% heat-inactivated fetal calf serum (FCS) (Gibco BRL). Hu-
man dendritic cells (DCs) were generated from monocytes as previously

Strain Genotype Phenotype Reference(s) Properties
JB (H44/76 porB)  Acps ArmpM Trivalent PorA, truncated GalE LPS, capsule 12,18 Increased OMYV release but toxic LPS,
deficient, class 4 OMP deficient, PorB deficient detergent treatment required for safe
vaccine
RL (H44/76 porB) Acps AlpxL1 ArmpM Trivalent PorA, truncated GalE-LpxL1 LPS, capsule 12, 18 Increased OMYV release with attenuated LPS,
deficient, class 4 OMP deficient, PorB deficient no detergent treatment required
HB-1 Acps Capsule deficient, truncated GalE LPS 36 Toxic LPS, detergent treatment required for
safe vaccine
HB-1 fHbp Acps AfHbp Capsule deficient, truncated GalE LPS, fHbp This study ~ Toxic LPS, detergent treatment required,
deficient immunogenic lipoprotein (fHbp) deleted
H44/76 porB Acps Capsule deficient, truncated GalE LPS, PorB 19 Toxic LPS, detergent treatment required for
deficient safe vaccine
H44/76 fHbp porB  Acps AfHbp Capsule deficient, truncated GalE LPS, fHbp This study ~ Toxic LPS, detergent treatment required,
Deficient, PorB Deficient immunogenic lipoprotein (fHbp) deleted
LgtB PagL AsiaD AlgtB with penll Capsule deficient, truncated LgtB-PagL LPS 16 Attenuated LPS, IgtB mutation causing

(pagL) plasmid

increased uptake and activation by DCs,
No detergent treatment required
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described (22, 23). Briefly, monocytes were isolated from peripheral
blood mononuclear cells (PBMC) using CD14 immunomagnetic bead
separation technology (Miltenyi Biotec, Surrey, United Kingdom).
CD14-positive cells were cultured for 6 days in RPMI with 10% fetal calf
serum, 2.4 mM L-glutamine, 100 U ml™! penicillin, 100 mg ml~! and
streptomycin (all from Invitrogen) and 100 ng ml~" granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and 50 ng ml ™~ interleukin-4
(IL-4) (R&D Systems). Immature DCs expressed low levels of HLA-DR,
CD40, CD83, and PD-L1 as determined by flow cytometry.

OMV stimulation of cultured cell lines. Cells were stimulated with
the indicated amounts of OMVs overnight at 37°C in a humidified atmo-
sphere containing 5% CO,. Human IL-6, IL-10, and IP-10 cytokine secre-
tion into the supernatant of MM6 cells was quantified by enzyme-linked
immunosorbent assay (ELISA) (R&D Systems). IL-1p was quantified us-
ing the Pelipair reagent kit (Sanquin). Alkaline phosphatase secreted by
HEK-blue cells was quantified by measuring absorbance (630 or 649 nm)
after incubation (37°C, 2 to 5 h) of 20 pl of culture supernatant from each
well with 200 nl QUANTI-blue (Invivogen).

SDS-PAGE and fHbp immunodetection. The protein content was
separated for each OMV by electrophoresis of 2.5 ug of OMV sample in a
12% Precise protein gel (Tris-HEPES-SDS; Thermo Scientific). Precision
Plus protein all-blue standards (Bio-Rad) were used as molecular weight
markers. After electrophoresis, the gel was stained using Coomassie bril-
liant blue (Thermo Scientific). Proteins separated on a different gel were
transferred to a 0.2-pm nitrocellulose membrane (Thermo Scientific) for
30 min at 15 V in a semidry blotting system. Transferred proteins were
incubated with primary anti-fHbp monoclonal antibody (1:1,000) (JAR4
epitope; NIBSC) for 1 h at room temperature, rinsed three times with
Tris-buffered saline (TBS) plus 0.5% Tween 80, and incubated with sec-
ondary goat anti-mouse human ads-AP antibody (Southern Biotech) in
TBS plus 0.5% Tween 80 plus 0.5% Protifar (1:2,000) for 1 h at room
temperature. After rinsing three times, alkaline phosphatase activity
was determined using the alkaline phosphatase conjugate substrate kit
(Bio-Rad).

OMYV stimulation of DCs. Effects of OMVs on immature DCs were
measured by incubating the isolated cells (5 X 10> ml~") with 1 pg ml™"
OMV:s for 18 to 24 h. Cells were harvested in PBS plus 1% bovine serum
albumin (BSA) and 2 mM EDTA (fluorescence-activated cell sorting
[FACS] buffer) and then labeled with monoclonal antibodies against
CD40, CD83, HLA-DR, and PD-L1 (BD Biosciences) for 30 min at 4°C.
Cells were then washed with FACS buffer and analyzed by flow cytometry
using a FACS Cantoll (BD). DC supernatants collected after 24 h of stim-
ulation with OMVs were analyzed for the presence of IL-6, IL-10, and
IP-10 (R&D Systems) by ELISA and for IL-23, IL-12p70, and IL-13 by
MILLIplex MAP assay (Millipore) according to the manufacturer’s in-
structions. Data are expressed as mean * standard error of the mean
(SEM) of results from 4 donors, and significance was determined using a
paired ¢ test.

RESULTS

Influence of OMV composition and LPS structure on cytokine
induction in MMB6 cells. In search for the optimal OMV compo-
sition and purification procedure for vaccination purposes, we
first tested different types of OMVs for the ability to produce cy-
tokines in MM6 cells. Comparison of DOC-treated OMVs
(dOMVs) with spontaneous OMVs (sOMVs) revealed a 1,000-
fold reduction in IL-6, IL-1B, anti-inflammatory cytokine IL-10,
and chemokine IP-10 levels for dOMVs (Fig. 2A to D). A similar
reduced cytokine response was observed for sOMVs and nOMVs
isolated from an IpxL1 strain, which produces less-potent penta-
acylated lipid A. Stimulation of cells using different concentra-
tions of OMVs demonstrated that sSOMV levels of cytokine induc-
tion were obtained at a high concentration of dOMVs but not
IpxL1 OMVs (Fig. 2A to D). For comparison, we also tested the
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effect of OMVs derived from the strain expressing PagL, which
also has a penta-acylated LPS. As expected, nOMVs derived from
an IgtB pagL strain showed reduced cytokine induction (Fig. 2E to
G). However, these OMVs were still capable of inducing levels
of IP-10 similar to those induced by OMVs of wild-type LPS
(Fig. 2H).

Deoxycholate OMYV extraction reduces TLR4 and TLR2 acti-
vation. To investigate whether the reduced cytokine response ob-
served for dOMVs was caused by the presence of reduced amounts
of LPS or other changes in innate immune stimuli, we compared
the capacities of sSOMVs, dOMVs, and IpxL1-derived nOMVs to
activate both TLR4- and TLR2-expressing cells. First, we com-
pared the TLR4-stimulatory properties of IpxL1 nOMVs with
those of dOMVs and sOMVs containing wild-type LPS to test
whether IpxL1 mutation reduces TLR4 activation to a similar de-
gree as DOC treatment. Compared to the wild-type sOMVs, the
IpxL1 nOMVs and wild-type dOMVs showed strongly reduced
activation of TLR4 in HEK293-TLR4 cells (Fig. 3A). pagL nOMVss
also showed a reduced induction of TLR4 activation, although this
reduction was not as strong as that observed for [pxL1 nOMVs and
wild-type dOMVs (Fig. 3A and C). The difference between
dOMVsand IpxL1 nOMVs in TLR4 activation was minor, with the
former showing higher activation in the higher concentration
range (Fig. 3A). This suggests that at least for potential toxicity
caused by TLR4 activation, [pxL1 nOMVs are as safe as, if not safer
than, wild-type dOMVs.

While DOC treatment of OMVs is thought primarily to reduce
the amount of LPS, it also removes loosely attached lipoproteins
from the outer membrane, such as the factor H binding protein
(fHbp), which is a well-established inducer of protective bacteri-
cidal antibodies (10, 24, 25). Lipoproteins are known to be ligands
for TLR2. Activation of TLR2 also triggers innate immune re-
sponses, and thus lipoproteins can also be potential adjuvants of
the OMV vaccine. To investigate whether the removal of these
lipoproteins by DOC treatment results in a reduced TLR2 activa-
tion, we measured the abilities of the different types of OMVs to
activate HEK293-TLR2 cells. Interestingly, sOMVs and nOMVs
showed equal TLR2-activating potential, whereas dOMVs showed
a clear reduction of the TLR2 response (Fig. 3B).

PorB and fHbp are not the major activators of TLR2 in
OMVs. Previous studies have shown that PorB, a major protein
present in the outer membrane of N. meningitidis, isa TLR2 ligand
(26, 27). To test the contribution of PorB and of the lipoprotein
fHbp to TLR2 activation, we created an fHbp knockout strain,
used a porB-deficient strain, and created a double mutant fHbp
porB strain. PorB deficiency and the composition of all OMVs
were verified by protein Coomassie blue staining after separation
by gel electrophoresis (Fig. 4B and C), and the lack of fHbp was
determined using a monoclonal antibody against fHbp (Fig. 4D).
HEK293-TLR2 cells were then stimulated with serial dilutions of
nOMV:s collected from H44/76 fHbp- and H44/76 porB-deficient
strains, [pxL1 nOMVs, and, for comparison, wild-type sOMVs
and dOMVs. No significant reduction of TLR2 activation was
found for fHbp, porB, and fHbp porB double mutant strains com-
pared to wild-type strains (Fig. 4A). The only significant reduction
of TLR2 activation was measured for dOMVs. These results dem-
onstrate that removal of PorB and fHbp is not sufficient to cause a
measurable reduction in TLR2 activation, presumably because of
redundancy of TLR2 ligands that are present in nOMV. The re-
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FIG 2 Production of cytokines by MM6 cells stimulated with OMVs. MMG6 cells were stimulated overnight with serial dilutions of OMVs. Supernatants were
collected from JB/RL (A, B, C, and D)-stimulated cells or HB-1/HB-1 pagL (E, F, G, and H)-stimulated cells, and IL-6, IP-10, IL-18, and IL-10 production was
quantified by ELISA. JB strains, capsule-deficient H44/76 wild-type strain; RL strains, LpxL1-deficient JB strain; HB-1, capsule-deficient H44/76 strain; PagL“ o,
induced/noninduced paglL-carrying HB-1 strain. sOMV, nontreated spontaneous OMVs; nOMV, EDTA-treated OMVs; dOMYV, deoxycholate-treated OMVs.
Values are the mean values = SEMs of triplicates. Data shown are from one representative experiment out of three independently performed experiments with

similar outcomes.

duction seen for dOMVs can be explained by the loss of multiple
lipoproteins in addition to fHbp.

OMV-induced activation of monocyte-derived DCs. Den-
dritic cells (DCs) are key antigen-presenting cells and important
drivers of the adaptive immune response. To determine the effect
of OMV composition and OMVs carrying a penta-acylated LPS
on DCs, we stimulated 6-day-old monocyte-derived dendritic
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cells with OMVs (1 pug ml™" total protein) for 24 h and then
determined the expression of activation markers by flow cytom-
etry. OMVs lacking fHbp or PorB protein were also included.
Wild-type sOMVs induced high expression of the CD40, PD-L1,
CD83, CD80, CD86, and HLA-DR activation markers (Fig. 5).
dOMVs and IpxL1 deletion nOMVs and sOMVs induced very
similar expression levels of these activation markers, which in the
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out of three independently performed experiments with similar outcomes.

case of CD40 and PD-L1 were significantly less than after stimu-
lation with wild-type sOMV:s (Fig. 5A and B). The absence of fHbp
or PorB in OMVs did not result in any significant difference in DC
activating potential, which corroborates our observation with
HEK cells that these proteins are not major contributors to the
overall TLR2 activity. All OMVs did induce activation of DCs
compared to unstimulated DCs.

Cytokine induction by OMV-stimulated DCs. To assess
whether the OMVs influenced functional cytokine and chemo-
kine production in DCs in addition to DC surface activation
markers, we determined inflammatory cytokine responses in hu-
man DCs. dOMVs and IpxL1 nOMVs and sOMVs showed a sig-
nificantly reduced IL-6 and IL-1B response compared to wild-
type sOMYV (Fig. 6). However, penta-acylated LPS in OMVs of the
IgtB pagL™ strain did not show significant differences in inflam-
matory cytokine production compared to wild-type sOMVs,
which is different from what was observed in MM6 cells. PorB or
fHbp deficiency did not result in significant differences in IL-6 or
IL-1f production.

We also investigated whether different OMV compositions in-
fluenced the production of T-cell-stimulatory cytokines IL-23, IP-
10, IL-10, and IL-12(p70) by DCs (Fig. 7). In MM6 cells (Fig. 2),
IgtB pagL™ nOMVs showed a reduced IL-6 production but re-
tained the ability to induce IP-10. In DCs, the IgtB pagL” nOMVs
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showed hardly any reduction in proinflammatory cytokines com-
pared to wild-type sOMVs, while the amount of IP-10 produced
by DCs was reduced. However, the IP-10 induction was still
higher than was detected with dOMVs or [pxL1 nOMVs. Although
IL-23 and IL-12(p70) were both slightly induced by dOMVs con-
taining wild-type LPS, they were barely detectable with IpxL1 mu-
tant OMVs. IL-10 was significantly reduced in dOMV- and IpxL1
OMV-stimulated DCs. PagL expression caused reduction of IP-10
and IL-10 production in DCs but did not reduce the IL-23 and
IL-12(p70) production. Overall, the results show that both DOC
treatment and LPS attenuation have a great impact on the magni-
tude of the human DC response.

DISCUSSION

Traditionally, OMV vaccines against N. meningitidis utilize DOC
treatment during preparation to reduce toxic LPS content as well
as to increase the efficiency of OMV extraction. Although this
method has been used successfully for OMV vaccines to control
meningococcal outbreaks and is the basis for the fourth compo-
nent of the recently approved Bexsero 4CMenB vaccine (28), it has
the downside that DOC treatment complicates processing and
removes potentially protective lipoproteins such as fHbp, an an-
tigen of N. meningitidis known to induce serum bactericidal anti-
bodies (9-11). To circumvent the need for DOC treatment, ge-
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FIG 4 Induction of TLR2 activation by PorB-deficient and/or fHbp-deficient OMVs. (A) HEK-blue cells expressing human TLR2 were stimulated overnight
with serial dilutions of OMVs. Supernatant was collected, and TLR2 activation was determined by secreted embryonic alkaline phosphatase (SEAP) in the
supernatant after stimulation with OMVs. JB strains, capsule-deficient H44/76 wild-type strain; RL strains, LpxL1-deficient JB strain; HB-1, capsule-deficient
H44/76 strain. Data are expressed as mean optical density at 649 nm. Results are from one representative experiment of two independent experiments. (B and C)
Protein composition of all OMVs after SDS-PAGE and Coomassie blue staining. (D) A monoclonal antibody against fHbp was used to confirm the lack of fHbp

or removal of fHbp in the case of dOMVs.

netic modification of the LPS structure, such as by deletion of the
IpxL1 gene, has been shown to result in a safe vaccine based on
spontaneously released OMVs (29, 30). These different methods
to prepare OMV vaccines raise the question of the impact of OMV
composition on the induction of an immune response. Since all
OMV compositions used in this study are capable of inducing
immunity through the induction of bactericidal antibodies and
since both LPS and lipoproteins, major activators of innate immu-
nity, are removed or retained depending on the OMV preparation
method used, we compared the nature of their induced innate
immune responses in order to tailor OMVs for use as safe vac-
cines. Our results clearly show that both the use of DOC during
the OMV preparation and modification of hexa-acylated into
penta-acylated LPS reduce the ability of the resulting OMVs to
stimulate TLR4 and TLR2 responses and induce cytokine release
from monocyte-derived dendritic cells. Considering that DOC
removes potentially protective lipoproteins such as fHbp, LPS at-
tenuation may yield OMV vaccines that are as safe as dOMVs,
while inducing a broader protection.

Our finding that both dOMVs and IpxL1 nOMVs yield low
TLR4 responses is consistent with the fact that the amount of
hexa-acylated LPS is reduced in dOMVs and with the reduced
potency of the penta-acylated LPS in IpxL1 and paglL nOMV:s to
activate TLR4. Interestingly, the two different penta-acylated
types of LPS (IpxLI and pagL) induced different levels of TLR4
activation and a qualitatively different cytokine release in MM6
cells. MMB6 cells do not express DC-SIGN (data not shown), and
thus the oligosaccharide would not influence binding, internaliza-
tion, and activity. The basis for the limited effect of IgtB pagL™
nOMVs on the IP-10 response compared to the reduced release of
proinflammatory cytokines IL-6 and IL-1( is unclear, but this has
been previously observed for purified pagL LPS (16). Activation of
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TLR4 and MD-2 very much depends on how the lipid A structure
is situated inside the MD-2 pocket and whether the two dimeriza-
tion interfaces can be formed (31). The dimerization interfaces
consist of a slightly exposed fatty acid chain interacting with TLR4
residues and the interaction of the phosphate groups with TLR4
(31). Thus, it is conceivable that removal of a certain fatty acid
chain could change the position of the lipid A in the MD-2/TLR4
complex in such a way that the dimerization interfaces are not
ideal, causing a reduced TLR4 activation. Crystal structure analy-
sis of the TLR4/MD-2 complex with the antagonist lipid IVa re-
vealed that indeed the lipid IVa structure is oriented differently
deep inside the MD-2 hydrophobic pocket, making it impossible
to provide the dimerization interfaces necessary for TLR4 activa-
tion and downstream signaling (32). Unlike the MyD88 pathway,
the TRIF pathway is induced through endocytosis, and it is possi-
ble that upon endocytosis, different lipid A structures influence
TRIF signaling. In human DCs, the bias of IgtB pagL* nOMVs
toward a more TRIF-dependent cytokine release was not seen, as
these cells showed a clear reduction in IP-10 production. Also, the
reduction in proinflammatory cytokine induction was less pro-
nounced in DCs than in MMS6 cells. A possible explanation may
be the presence of additional receptors such as DC-SIGN in
DCs but not in MM6 cells, which influences the response to
OMVs. The IgtB pagL* nOMVs used can bind and activate
DC-SIGN (33), leading to increased uptake and internalization
of OMVs and increased IL-10 and IL-23 cytokine production
(34). However, these studies did not investigate whether OMV
binding to DC-SIGN influenced the differential activation of
MyD88-dependent and -independent pathways. The IpxLI
OMVs provide a clear method of detoxifying OMV's for use in
humans; however, the adjuvant activity of the modified LPS
might be too low, as it barely activates TLR4. IgtB pagL™ OMVs
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FIG 5 Dendritic cell expression of surface markers following stimulation with OMVs. Human monocyte-derived DCs were stimulated with 1 wg/ml of the
indicated OMV for 20 to 24 h or with 100 ng ml ™' LPS (positive control). Cells were analyzed by flow cytometry for the expression of surface proteins CD40 (A),
PD-L1 (B), CD80 (C), CD83 (D), HLA-DR (E), and CD86 (F). Data are expressed as the mean = SEM for four individual donors. Statistical significance was

determined using a paired ¢ test between two groups. *, P < 0.05; **, P < 0.01.

obviously do activate TLR4 and induce increased release of
cytokines. The presence of a more active intrinsic LPS adjuvant
translates to an increased immune response. Thus, if both
OMVs are equally safe in humans, inclusion of the PagL™* and
IgtB~ LPS would be preferred.

In addition to the reduced TLR4 response, dOMVs but not
IpxL1 nOMV3s displayed a reduced TLR2 response compared to
that of sSOMVs with wild-type LPS. This is in agreement with DOC
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treatment removing not only the toxic LPS but also lipoproteins
that are typically involved in activating TLR2. It remains to be
identified which TLR2 ligands are present in the OMVs. A mutant
lacking the fHbp lipoprotein still activated TLR2, indicating that
this antigen is not a major contributor to the TLR2 response.
Similarly, PorB-deficient nOMVs did not cause a reduced TLR2
activation, despite the fact that meningococcal PorB has been re-
ported to be a TLR2 activator (26, 27). This inconsistency might
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FIG 6 Production of proinflammatory cytokines by DCs following stimulation with OMVs. Human monocyte-derived DCs were stimulated with 1 p.g/ml of the
indicated OMYV for 20 to 24 h. Supernatants were collected from OMV-stimulated DCs, and IL-6 (A) and IL-1b (B) production was quantified by ELISA. Data
are expressed as the mean = SEM for four individual donors. Statistical significance was determined using a paired ¢ test between two groups. **, P < 0.01.

be attributed to differences in conformational structure and/or
availability of free versus membrane-bound PorB. Our results are
in line with those of Biagini et al., who reported decreased activa-
tion of TLR2 by vesicle-bound lipoproteins (35). On the other
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hand, one should take into account that OMVs will contain a
variety of (lipo)proteins in addition to fHbp and PorB, and the
contribution of each of these individually to the overall TLR2
activation may not be sufficiently high to make a noticeable dif-
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FIG 7 Production of T-cell-polarizing cytokines by DCs following stimulation with OMVs. Human monocyte-derived DCs were stimulated with 1 pg/ml OMVs
for 20 to 24 h. Supernatants were collected from OMV-stimulated DCs, and IL-10 (A), IP-10 (B), IL-23 (C), and IL-12(p70) (D) production was quantified by
ELISA (IL-10 and IP-10) or MILLIplex assay [IL-23 and IL-12(p70)]. Data are expressed as the mean * SEM for four individual donors. Statistical significance
was determined using a paired f test between two groups. *, P < 0.05; **, P < 0.01.
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ference. Even a double knockout strain deficient in fHbp and PorB
did not result in a significant reduction of TLR2 activity. Appar-
ently, DOC treatment removes many different lipoproteins to
such an extent that overall TLR2 activation becomes strongly re-
duced.

The present data show that the I[pxL1 nOMVs closely resemble
wild-type dOMVs in their capacity to activate DCs and induce the
production of proinflammatory cytokines and T-cell-polarizing
cytokines. This indicates that it is possible to have two different
tactics for producing OMV:s to induce similar immune responses.
The IpxL1 nOMVs have the added benefit over wild-type dOMVs
of being easier to produce and to better preserve potential antigens
(11). The use of EDTA is known to stimulate OMYV release but
does not seem to influence the immune-stimulating properties, as
in all the experiments where we used both types of OMVs, we did
not observe any significant differences between IpxL1 sOMVs and
nOMVs. Therefore, LPS modification is a promising alternative
for detergent extraction, as it reduces adverse effects to the same
degree while at the same time providing additional opportunities
to direct the magnitude and type of immune response.
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